OBJECTIVES: Our study describes and analyses the results from aortopexy for the treatment of airway malacia in children.
INTRODUCTION
Tracheomalacia (TM) is a localized or generalized weakness of the tracheal wall resulting in anteroposterior collapse during expiration or coughing [1] . The term tracheobronchomalacia (TBM) is used when the bronchi are also involved. It is most frequently associated with oesophageal atresia with tracheo-oesophageal fistula (TOF), external compression by a vascular ring, innominate artery, pectus excavatum or large vessel anomalies such as double aortic arch. It may also be caused by prolonged intubation or tracheostomy. Additional cardiovascular abnormalities are found in 20-58% of patients with TM [2, 3] . Clinical symptoms vary from recurrent pneumonias, wheezing, stridor or difficulty to wean from ventilation, to acute life-threatening events with apnoea and cyanotic 'death' spells [3] . Large airway malacia has an estimated incidence of 1:2100 in Europe [4] . It is typically associated with prematurity and gradually improves to resolution by about 1 year of age [5] . Treatment remains controversial, but options include non-invasive ventilator support, internal stenting and surgical solutions. For severe malacia, surgical options are limited but include aortopexy and tracheostomy. Aortopexy was first described by Gross [6] in 1947, and the efficacy of this approach has been demonstrated with improved ventilatory requirements in 85-90% of children treated †The first two authors contributed equally to this work. [5] . Despite this, there is no consensus on which patients benefit the most, and evidence has been limited to mainly small (<20) case series [3] .
We describe our experience with aortopexy in children with severe airway malacia over the last decade and attempt to identify factors that influence adverse outcomes.
METHODS
Our study was a retrospective consecutive case series of children undergoing aortopexy for the treatment of TM, TBM or bronchomalacia (BM) at Great Ormond Street Hospital for Children, London, between December 2006 and December 2016. After local institutional approval, case notes, operative records and intensive care data were carefully obtained and manually recorded in a registered database. Variables included the presence of comorbidities, cardiovascular anomalies, external compression by vascular rings or non-cardiac vascular compression, gastrooesophageal reflux disease (GORD), pectus excavatum, previous TOF repair and the surgical approach. For comparison of surgical approach, thoracotomy and thoracoscopic approaches were combined. Outcome measures included mortality, total intensive care unit (ICU) stay, time to extubation and the need for reintervention. The latter was defined as the need for additional stenting, tracheostomy or redo aortopexy.
Patients undergoing aortopexy reflect a heterogeneous group of patients. A previous report [7] has suggested patients can be stratified by the underlying pathology and associated comorbidities so as to determine risk. The same groups were, therefore, applied to this current cohort. Group I included patients with isolated primary malacia or malacia after TOF repair. Group II included patients with malacia associated with external non-cardiac vascular compression, vascular ring and pectus excavatum. Group III consisted of patients with malacia and major comorbidities, including major cardiac anomalies requiring surgery, pulmonary hypertension and laryngeal reconstruction. Major cardiac anomalies were defined as either cyanotic congenital heart disease that required palliative or corrective surgery or non-cyanotic congenital heart disease that required medical or surgical treatment for cardiac failure [7] . The site of malacia was classified from direct endoscopy [microlaryngotracheobronchoscopy/flexible bronchoscopy], bronchography or computed tomography into TM, TBM and BM. Malacia was defined as >50% collapse of the airway.
PROCEDURE
Aortopexy was performed in 100 patients by 3 surgeons in 1 unit. This was via a median sternotomy (56% limited upper sternotomy, 36% full sternotomy and 8% resternotomy) in 89 patients. Briefly, a limited upper sternotomy was performed with dissection of the anterior mediastinum. Two 3-0 or 4-0 doubleneedle Prolene 'U' stitches reinforced with pledgets are passed into the aortic wall on both sides proximal to the origin of the innominate artery. Both needles are then passed inside out through both sternum halves and again reinforced with pledgets and tied down to pull the aorta away from the trachea [8] . Five were via a left posterolateral thoracotomy and in 1 patient was through a right lateral thoracotomy. Five patients underwent a thoracoscopic procedure as we have described elsewhere [9] . Surgical choice was primary determined by the surgeon's preference and defined by perceived ease of access.
Data are presented as medians with interquartile ranges (IQRs) and/or binomial percentages where appropriate. Kaplan-Meier survival curves were plotted for outcome measures, and log-rank tests were performed to analyse differences between specific subgroups. Risk factors for mortality and reintervention were analysed with a Cox regression model [forward (likelihood ratio) method]. Data were analysed and displayed with SPSS software version 23.0 (IBM-SPSS, Chigago, IL, USA) and Prism 7.0 (GraphPad Software, La Jolla, CA, USA). P-values <0.05 were considered as statistically significant.
RESULTS

Patients
One hundred patients (median age 8.2 months, IQR 3.3-26.0 months) underwent aortopexy. Patient demographics and general characteristics are presented in Table 1 .
Sixty-four (64%) patients had TM, 24 (24%) patients had TBM and 11 (11%) patients had BM (9 left main bronchus, 1 right main bronchus, 1 left main bronchus + right main bronchus). In 1 patient, the site of malacia was not known. Forty-one (41%) children had additional cardiovascular anomalies ( Table 2 ). Fifteen (15%) patients had an associated vascular ring, of which 10 were repaired in a previous session but showed residual compression in 9 patients. Sixty-seven (67%) patients had external non-cardiac vascular compression, and 2 (2%) patients had isolated primary malacia. Three patients underwent a previous aortopexy in the referring centre before referral to our unit. Four patients had pectus excavatum, of which 2 patients received concomitant pectus bar implantation at the time of aortopexy. Seventeen (41%) of the 41 children with GORD underwent a Nissen fundoplication. One child underwent 2 Nissen fundoplications. Nissen fundoplication was performed prior to aortopexy (median 6.7 months, IQR 1.9-16.9 months) in 8 patients and after aortopexy (median 33 days, IQR 20 days-9.6 months) in 9 patients. (14) Values are presented as median (IQR) or n (%). BM: bronchomalacia; GORD: gastro-oesophageal reflux disease; ICU: intensive care unit; IQR: interquartile range; TBM: tracheobronchomalacia; TM: tracheomalacia; TOF: tracheo-oesophageal fistula.
Twenty-eight (28%) children underwent a TOF repair prior to aortopexy (median 5.7 months, IQR 2.9-17.6 months). Seven (7%) patients had a tracheostomy before aortopexy surgery because of ventilator requirements due to airway malacia. The exact timing of tracheostomy in the referring hospital was unknown. Perioperative bronchoscopy showed clear improvement of malacia before and after the aortopexy (Videos 1 and 2).
Need for reintervention
In total, 14 (14%) patients required reintervention. Of these, 6 patients required endoscopic intervention with stenting (total 14 stents, 1-5 per patient) after a median of 34 days (IQR 19 days-4.7 months). Three patients received biodegradable stents (Ella-CS, Czech Republic), and 3 patients received metal stents (Palmaz Genesis, Cordis Europa, Netherlands). One patient needed an external stent and 3 required a tracheostomy. Eight patients required a redo aortopexy due to refractory symptoms and clinical signs (median 8.7 months, IQR 2.2 months-3.3 years after the 1st aortopexy at our unit). One patient required early reoperation as a result of a broken suture. In 6 patients, residual tracheal compression was identified despite a technically intact aortopexy, of which 4 were at the site of the innominate artery and in 1 the trachea was compressed by a previously dissected vascular ring. In 1 patient, there was residual TBM. Malacia with bronchus involvement (TBM or BM) proved to be a significant risk factor for reintervention (P < 0.02 and P < 0.03, respectively; Fig. 1 ).
Ventilation
Sixty-five (65%) patients were self-ventilating without mechanical support before aortopexy. Twenty-seven (77%) of 35 ventilatordependent patients could be safely weaned from ventilator support during the same admission after aortopexy (median 2 days, IQR 0-3 days). Six (6%) patients required ventilator support until transfer to local centres (date of discharge median 2 days after aortopexy, IQR 1-6 days). The duration of postoperative ventilation was significantly longer in Group 3 (median 2 days, IQR 1-14 days) compared to Group 2 (median 0 days, IQR 0-1 days, P = 0.01) and to Group 1 (median 1 day, IQR 0-2 days, P = 0.04). No differences were seen between surgical approaches median sternotomy and thoracic approaches (P = 0.86). BM was a significant risk factor for increased postoperative ventilation days compared to TM (P = 0.02) but not compared with TBM (P = 0.99). Seven children had a tracheostomy before aortopexy, of which 2 could be decannulated perioperatively, 1 patient was decannulated after 2.1 years, 2 patients died with a tracheostomy in place, 1 patient is still on a tracheostomy (8.0 years after aortopexy) and 1 patient was lost to follow-up. Consisting of absent right pulmonary artery (n = 1), distal origin of innominate artery (n = 1), absent pulmonary valve syndrome (n = 1), situs inversus (n = 1) and coronary-to-pulmonary artery fistula (n = 1).
Video 1: Microlaryngobronchoscopy in a patient with repaired oesophageal atresia/tracheo-oesophageal fistula: severe tracheal narrowing (10-20% of actual lumen) in anteroposterior direction in the lower third of the trachea at the level of the former tracheo-oesophageal fistula. Distally, a patent carina and main bronchi are present. Intensive care unit length of stay Total hospital stay after aortopexy was a median of 6 days (IQR 3-15 days).
Forty (40%) patients had been admitted to the ICU (median 6 days, IQR 1-15 days) before aortopexy. Seventy-eight (78%) patients needed ICU admission after the aortopexy, with a median duration of 3 days (IQR 2-8 days). The duration of ICU stay after aortopexy was significantly longer in Group 3 (median 7 days, IQR 3-18 days) versus Group 1 (median 3 days, IQR 1-5 days, P = 0.02) and Group 2 (median 1 day, IQR 0-4 days, P = 0.0002) but not between Groups 1 and 2 (P = 0.59). Neither did the site of malacia (TM vs TBM, P = 0.99; BM vs TM, P = 0.13; BM vs TBM, P = 0.36) nor did the surgical approach (P = 0.08) exert significant influence on postoperative ICU stay .
Follow-up information was available in 99% of patients for a median duration of 5.3 years (IQR 2.9-7.5 years). In total, there were 9 early (within 6 months postoperatively) and 7 late deaths. Causes of death are summarized in Table 4 . Survival without reintervention proved to be significantly lower (P = 0.012) in children in Group 3 (47%) versus the rest of the children (79%, Group 1; 75%, Group 2; Fig. 2 ). Survival without reintervention was also significantly lower in children with BM and TBM compared to children with TM ( Fig. 3 , P = 0.003 and P = 0.01, respectively) but not between BM and TBM (P = 0.39). Overall survival improved from 75% between 2006 and 2010 to 95% from 2011 to 2016 (P = 0.03; Fig. 4 ).
Multivariate analysis
Multivariate Cox regression revealed preoperative ventilation and bronchus involvement to be significant risk factors for death, and only bronchial involvement proved to be a significant risk factor for reintervention (Table 3) .
DISCUSSION
In many centres, aortopexy is the preferred treatment for severe airway malacia; however, there is a surprising lack of evidence for its effectiveness [3, 10] . Most evidence is based on small singlecentre series [3] , with only a few papers that report larger (>40 patients) series [7, [11] [12] [13] [14] . In this study, we describe one of the largest experiences with aortopexy, with patients presenting with considerable heterogeneity. Outcomes were linked to related disease complexity; however, we confirm aortopexy to be a relatively safe and effective treatment for isolated malacia and can be considered for patients with additional major cardiac anomalies.
Treatment options
In children, airway malacia is typically self-limiting and resolves with growth. Management can include supportive measures with non-invasive ventilation such as continuous positive airway pressure or bilevel positive airway pressure. Severe malacia may require more mechanical support of the airway. Prolonged intubation requires extended hospital stay, risks the development of subglottic stenosis and tracheal scarring which in the long term can worsen TBM [13] . For these reasons, long-term intubation or tracheostomy is sometimes not an acceptable option in these patients [5] . Another possibility is airway stenting, in which self-or balloonexpandable stents are placed in the malacic airway to keep it patent. Stenting can be associated with significant complications such as bleeding, reobstruction by the formation of granulation tissue, removal difficulties due to integration into the airway wall and erosion into adjacent vessels. Stents also act as indwelling foreign bodies with increased bacterial colonization that may lead to recurrent respiratory tract infections [15] . New stent options such as bioabsorbable polydioxanone stents are increasingly used in our centre in children with refractory symptoms after tracheal surgery [16] . These are custom-made and not widely available, and 3D printing of these stents will be a promising future area [17] . Valerie et al. [18] showed a higher failure rate, mortality and morbidity in children who were primarily treated with tracheal stents versus aortopexy and should only be considered when surgical treatment fails.
Surgical approach
By far the most used approach (>70%) has been the left anterior parasternal thoracotomy [3] . Other options include a (partial) median sternotomy, right anterior thoracotomy, left lateral musclesparing thoracotomy [5] , mediastinal window approach [19] and a thoracoscopic aortopexy [9] . We used a (limited) median sternotomy as the preferred approach in the majority of cases (n = 89). Five patients had a left posterolateral thoracotomy, 1 patient a right anterior thoracotomy and in 5 patients a thoracoscopic approach was undertaken. In our study, there was no significant difference in outcome between a median sternotomy and a thoracotomy/thoracoscopic procedure; however, the numbers were limited with approach. Partial median sternotomy has the technical advantages of an improved exposure with equal access to the vessels over the right and left main stem bronchi as well as the trachea and a more specific elevation of the arteries. If necessary, sutures can be placed directly into the trachea or pulmonary arteries itself [20] . It allows cardiovascular surgery to be performed at the same operation.
Comorbidity
In the literature, more than 90% of children with EA and TOF have some form of airway malacia [21] , of which 2-25% require aortopexy [22] . In our study, 28 (28%) patients had previous TOF repair which did not have a significant influence on primary outcomes.
It is well described that the presence of airway malacia and GORD together is a possible source of unsatisfactory results and is described in 59-63% of patients with EA and TOF [12, 13] . Both conditions are able to worsen the other, as GORD can accentuate the symptoms of airway malacia by distending the upper oesophageal pouch or by vagal reflexes, and airway obstruction can worsen the GORD because of increased work of breathing [14] . However, no clear consensus is reached if fundoplication has to be done before or after aortopexy [5, 12, 13] . In our study, we could not draw significant conclusions whether to perform fundoplication before or after aortopexy because of too small groups (8 patients before aortopexy and 9 after). At this moment, there is no strategy for treating associated GORD before or after aortopexy, and larger series are needed to elicit the timing of fundoplication in patients with TBM and GORD. Sixteen of the 28 (57%) patients with previous TOF repair had associated GORD for which 6 (38%) patients received a Nissen fundoplication. This is in accordance with previous reports, in which 31-44% of patients with GORD and previous TOF repair needed fundoplication [5, 12, 13] .
Outcomes
Predictors of adverse outcome have been identified as preoperative ventilation and bronchus involvement (TBM and BM). A previous report showed that 80% of patients improved significantly after aortopexy, 8% showed no improvement, 4% showed worsening of the symptoms and 1% needed an aortopexy redo [3] . In our experience, 8% needed a redo aortopexy, and there was a 16% mortality. This high percentage will likely be caused by the relative high proportion of patients with significant comorbidities such as major cardiac and pulmonary malformations ( Table 4) .
Timing of surgery
There is no clear consensus regarding the timing of surgical intervention in children with airway malacia. Non-surgical options and supportive measures should always be considered prior to aortopexy, particularly to allow for growth and maturation of cartilage. Where there is increasing ventilatory requirements and life-threatening symptoms such as dying spells, surgery is clearly indicated. These children should receive prompt surgical intervention after hospital admission [23] . We also consider early surgical intervention in patients who cannot be weaned from ventilator support. Where possible, we attempt to avoid tracheostomy, as in our experience, surgical treatment can lead to early extubation in the majority of patients. Often the 'best surgical strategy' will have to be tailored to the patient, underlying pathology, location and extent of malacia, with input from an extensive multidisciplinary team.
Location of malacia
Aortopexy has been established as the golden standard of surgical treatment for TM, the effects in patients with bronchial involvement remain more controversial [24, 25] . Kamata et al. [26] reported that aortopexy was a feasible method in correcting tracheal and right main bronchus malacia, but suggested a pulmonary artery (PA) pexy to correct collapse at the distal left main bronchus. In our experience, bronchus involvement (TBM or BM) was associated with an increased risk of reintervention and death (Table 3 ). Only 11 patients had isolated BM, in which there were 4 deaths (36%), 2 patients needed an internal stent and 1 patient an external stent. The children stayed a median of 8 days (IQR 1-17 days) postoperatively in the ICU. This group is too small to draw significant conclusions, but special attention should be given to this group of patients and different procedures such as direct (tracheo) bronchopexy [27, 28] or PA pexy [26] could be considered. The rationale for considering these additional procedures is that in more extensive malacia, an aortopexy on its own may not adequately relieve the obstructive segment. Combining the procedure with an anterior and/or posterior tracheobronchopexy or a PA pexy may overcome these longer malacic segments.
Although aortopexy aims to increase the anteroposterior distance in the airway, posterior excursion of the tracheal membrane into lumen can still occur and may be due to lateral malacia. In these cases, an additional direct posterior tracheopexy [27] can be considered. However, it is not known which patients benefit the most from which procedure and if they should be done in addition or instead of aortopexy. Our data suggest that in cases with severe bronchus involvement, aortopexy alone may not be sufficient and the definitive role of these (additional) procedures with other non-surgical measures will be the subject of future research.
Future directions
Improvement in techniques and materials [29] and the use of 3D-printed bioabsorbable prostheses [30] are promising as they may potentially allow for bespoke stents and for consideration of external stents. These can be created specific to patient size and anatomy and result in absorption of a graft over a predetermined period, thereby 'growing' with the patient.
Limitations
We acknowledge that our data are retrospective, monocentric and, despite being one of the largest published experiences so far, relatively underpowered. Thus, identifying factors for adverse outcomes has proved to be challenging. In future, a prospective, multicentric cohort could be created to improve future reports about aortopexy as the definitive treatment for airway malacia. Given the length of stay associated with the non-surgical treatments, cost-utility analysis should also be included in future studies.
CONCLUSION
In our experience, aortopexy appears to be an effective procedure in the treatment of children with severe airway malacia and can be easily combined with other surgical procedures when needed. We report one of the largest series published to date and have identified preoperative ventilation and involvement of bronchi (TBM or BM) to be risk factors associated with adverse outcome. Patients with more extensive distal malacia had poorer outcomes and other interventions maybe more suitable. Furthermore, 77% of patients could be weaned of the ventilator after aortopexy within a median of 2 days and aortopexy could therefore possibly reduce ICU stay, save money and provide ICU beds for other children. A number of procedures exist to treat severe malacia; however, it is unclear which technique is superior and only direct comparative trials will be informative. However, from our experience, for patients with isolated airway compression and severe TM, we currently recommend aortopexy to be considered.
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